Oxidative damage caused by reactive oxygen species and other free radicals is involved in carcinogenesis. It has been suggested that high vegetable and fruit intake may reduce the risk of non-Hodgkin lymphoma (NHL) as vegetables and fruit are rich in antioxidants. The aim of this study is to evaluate the interaction of vegetable and fruit intake with genetic polymorphisms in oxidative stress pathway genes and NHL risk. This hypothesis was investigated in a population-based case-control study of NHL and NHL histologic subtypes in women from Connecticut, including 513 histologically confirmed incident cases and 591 randomly selected controls. Gene-vegetable/fruit joint effects were estimated using unconditional logistic regression model. The false discovery rate method was applied to adjust for multiple comparisons. Significant interactions with vegetable and fruit intake were mainly found for genetic polymorphisms on nitric oxide synthase (NOS) genes among those with diffuse large B-cell lymphoma and follicular lymphoma. Two single nucleotide polymorphisms in the NOS1 gene were found to significantly modify the association between total vegetable and fruit intake and risk of NHL overall, as well as the risk of follicular lymphoma. When vegetables, bean vegetables, cruciferous vegetables, green leafy vegetables, red vegetables, yellow/orange vegetables, fruit, and citrus fruits were examined separately, strong interaction effects were narrowed to vegetable intake among patients with diffuse large B-cell lymphoma. Our results suggest that genetic polymorphisms in oxidative stress pathway genes, especially in the NOS genes, modify the association between vegetable and fruit intake and risk
Introduction
Non-Hodgkin lymphoma (NHL) presents a heterogeneous group of malignancies arising from lymphocytes throughout the body. It has been estimated that 66,120 individuals will be diagnosed with NHL, and that 19,160 will die from NHL in the United States in 2008. Although established risk factors such as immunodeficiency and viral infection may be responsible for a portion of the cases, the vast majority of the NHL cases remain unexplained.
Reactive oxygen species and other free radicals can cause oxidative damage to all components of the cell (i.e., proteins, lipids, and DNA) and have been shown to be involved in a number of pathologic conditions including cancer (1) (2) (3) (4) (5) (6) (7) . Vegetables and fruit are rich in antioxidants that protect cells from such damage. As such, high vegetable and fruit intake has been hypothesized to reduce the risk of NHL. However, results from epidemiologic studies have been inconsistent (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Variation in genetic susceptibility within these populations under study could, in part, account for some of the conflicting findings in previous investigations into the role of fruit and vegetable intake.
It is biologically plausible that the role of antioxidantrich vegetable and fruit intake in lymphomagenesis is modified by common genetic variation in oxidative stress pathway genes. Oxidative stress pathway genes can modify the effect of oxidative damage at many stages of carcinogenesis (4) , including tumor initiation due to the genotoxicity of reactive oxygen species, tumor promotion by oxidants and free radicals, inflammatory responses mediated by oxide synthase and oxygenase, inhibition of intercellular communication regulating cellular proliferation and differentiation, and alteration of the extracellular matrix involved in tumor invasion and metastasis. We therefore investigated NHL risk in general and by subtype in relation to common genetic variation in the oxidative stress pathway in conjunction with vegetable and fruit intake in a population-based case-control study of females in Connecticut.
Materials and Methods
Study Population. The study population has been described in detail elsewhere (8, 23) . Briefly, cases were histologically confirmed, incident NHL patients diagnosed in Connecticut between 1996 and 2000, restricted to women ages 21 to 84 at diagnosis, without previous diagnosis of cancer except nonmelanoma skin cancer, and alive at the time of interview. Out of 832 eligible NHL cases, 601 (72%) cases completed in-person interviews. Participants were slightly older than nonparticipants, with mean ages of 67 and 62, respectively. The race distribution was similar between participants and nonparticipants. Out of 601 cases, 518 provided a biosample (461 provided a blood sample and 57 provided a buccal cell sample), excluding 5 cases with dietary information missing, yielding 513 cases for final analysis.
Pathology slides or tissue blocks were obtained from the hospitals where the cases were diagnosed. The specimens were reviewed by two independent study pathologists. All NHL cases were classified according to the WHO classification system (24, 25) , including 160 cases of diffuse large B-cell lymphoma (DLBCL), 117 cases of follicular lymphoma (FL), 59 cases of chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL), 35 cases of marginal zone B-cell lymphoma, 39 cases of T/natural killer-cell lymphoma (T cell), and 103 cases of other rare and unspecified subtypes.
Population-based controls with Connecticut addresses were recruited using random digit-dialing methods for those below age 65 y, and files provided by the Centers for Medicare and Medicaid Services were used to recruit those ages 65 y or older, and were frequency-matched to cases by age (F5 y). The participation rates were 69% for controls from random digit-dialing and 47% for controls from the Centers for Medicare and Medicaid Services. The distribution of age and race between participants and nonparticipants was similar. Out of 717 controls, 597 provided a biosample (535 provided a blood sample and 62 provided a buccal cell sample), excluding 6 controls with dietary information missing, yielding 591 controls for final analysis.
The study was approved by the Human Subjects Research Review Committee at Yale University, the Connecticut Department of Public Health, and the National Cancer Institute. Written and informed consent was obtained from all subjects.
Exposure Assessment. In-person interviews were conducted by trained personnel using a standardized questionnaire to collect demographic information and other major known or suspected NHL risk factors, such as family history of cancer, pesticide exposure, medical history, smoking, alcohol consumption, UV radiation, and hair-coloring products use. Diet was assessed using a mailed self-administered semiquantitative food frequency questionnaire developed by the Fred Hutchinson Cancer Research Center (Seattle, WA), in which subjects were asked to characterize their usual diet in the year prior to being interviewed. Reproducibility and validity studies indicated that fruits and vegetables on the food frequency questionnaire reasonably reflect long-term dietary intake (26) . Following completion, the food frequency questionnaire was sent to the Fred Hutchinson Cancer Research Center for analysis. Average daily nutrient intakes were calculated using the University of Minnesota Nutrition Coding Center Nutrient Data System database.
The food frequency questionnaire collects data on consumption frequency and portion size for approximately 120 foods, including 19 vegetables and 11 fruits (Table 1) . Besides overall vegetable intake, we individually analyzed bean vegetables, cruciferous vegetables, green leafy vegetables, red vegetables, and yellow/ orange vegetables. In addition to total fruit intake, we individually analyzed citrus fruits.
The methods for evaluating genotypes in our study population have been described previously by Lan et al. (27) . Briefly, DNA was extracted from blood or buccal cell samples using phenol-chloroform extraction. One hundred and thirty-seven Tag single nucleotide polymorphisms (SNP) from 18 candidate genes (Table 2) involved in the oxidative stress pathway were chosen from the designable set of common SNPs (minor allele frequency >5%) genotyped in the Caucasian population sample of the HapMap Project (data release 20/Phase II, NCBI Build 35 assembly, dpSNPb125) using the software Tagzilla   5 , which implements a tagging algorithm based on the pairwise binning method of Carlson et al. (28) . For each gene, SNPs within the region 20 kb 5 ¶ of the ATGtranslation initiation codon and 10 kb 3 ¶ of the end of the last exon were binned using a binning threshold of r 2 > 0.80. When there were multiple transcripts available for genes, the primary transcript was assessed. Genotyping was conducted at the National Cancer Institute Core Genotyping Facility 6 (Advanced Technology Center, Gaithersburg, MD; ref. 29) using a real-time PCR assay (18 SNPs) and a custom-designed GoldenGate assay 7 (129 SNPs; Illumina). Duplicate samples and replicate samples were genotyped for quality control, and blinded to laboratory personnel. The concordance rates were 99% to 100% for all assays.
Statistical Analysis. Intake of vegetables and fruit, all vegetables, bean vegetables, cruciferous vegetables, green leafy vegetables, red vegetables, yellow/orange vegetables, fruit, and citrus fruits was dichotomized into high and low levels according to the median daily consumption (servings of medium portions per day) in controls. Odds ratios and 95% confidence intervals were calculated to estimate the relative risk of NHL and NHL subtypes in relation to the SNP genotype using unconditional logistic regression models in different vegetable and/or fruit strata (high and low). The homozygote of the most common allele was used as the referent group. The significance of gene-vegetable and/or fruit intake interaction was assessed by adding an interaction term in the logistic models. The reference groups with a homozygote wild-type genotype were coded as 0, and the heterozygote and homozygote variant genotypes were grouped together to increase power and coded as 1. Statistical analyses were done using the SAS system, version 9.1 (SAS Institute, Cary, NC).
Haplotype analyses were conducted for all genes in which more than one SNP was genotyped. Haplotype block structure was evaluated with the program HaploView (Whitehead Institute, Cambridge, MA) in controls using the four-gamete rule with a minimum frequency of 0.005 for the fourth gamete. Haplotypes were estimated using the estimation-maximization algorithm (30) in SAS Genetics (SAS Institute). An unconditional logistic regression model was used to estimate the effect of individual haplotypes in different vegetable and/or fruit intake level strata.
All models were adjusted for age, race (white and other), family history of NHL, total energy intake (kcal), smoking (never/ever), alcohol consumption (g/d), and body mass index (kg/m 2 ). Total energy intake was examined for extreme values and exclusion of these subjects did not result in material changes for the observed associations.
The false discovery rate method (31) was applied to adjust for multiple comparisons. The false discovery rate provides the expected ratio of erroneous rejections of the null hypothesis compared with the total number of rejected hypotheses. False discovery rate values were calculated separately for each vegetable and/or fruit category from the results of the 137 tests (i.e., total number of SNPs studied) evaluating the association between each SNP-vegetable and/or fruit interaction and the risk of NHL. Interactions were deemed significant at a false discovery rate level of 0.20.
Results
Selected demographic characteristics of cases and controls were compared (Table 3 ). Cases and controls were similar with respect to age, race, reported family history of NHL, smoking status, and total energy intake. However, cases tended to consume less alcohol and have a higher body mass index.
Significant effect modification was identified for eight SNPs in nitric oxide synthase (NOS) genes, one SNP in myeloperoxidase (MPO) genes, and one SNP in superoxide dismutase 3 (SOD3) genes, with total vegetable and fruit intake, vegetable intake, red vegetable intake, or yellow/orange vegetable intake among either NHL overall or the three most common subtypes DLBCL, FL, and CLL/SLL (Table 4) . No significant result was found for marginal zone B-cell lymphoma or T-cell lymphoma (data not shown).
Significant effect modification was identified for SNPs in MPO and NOS1 genes, with total vegetable and fruit intake, were found for NHL overall and FL. Carriers of the variant allele for MPO (rs4401102; CT or TT) had a 1.9-fold increased risk of NHL overall and FL in the high vegetable and fruit intake group, but not in the low intake group. Carriers of the variant allele for NOS1 (rs2293054; AG or AA) had a 50% reduced risk of NHL and a 60% reduced risk of FL in the high vegetable and fruit intake group, and a 2.7-fold increased risk of FL in the low intake group. Carriers of the variant allele for another NOS1 (rs7298903; CT or CC) had a 1.7-fold increased risk of NHL and a 3.0-fold increased risk of FL in the low vegetable and fruit intake group but a 60% reduced risk of FL in the high intake group.
When vegetable intake was investigated alone, significant interactions with SNPs in NOS1 and SOD3 genes were found for DLBCL and CLL/SLL. Carriers of the variant allele for NOS1 (rs545654; CT or TT) had a 60% reduced risk of DLBCL in the low vegetable intake groups but not in the high intake group. Carriers of the variant allele for SOD3 (rs2284659; GT or TT) had a 4.6-fold increased risk of CLL/SLL in the low intake group, whereas a 60% reduced risk of CLL/SLL was observed in the high intake group.
When different types of vegetables were investigated separately, no significant interaction was found for bean vegetables, cruciferous vegetables, or green leafy vegetables after adjusting for multiple comparisons. For red vegetable intake, significant interactions with five SNPs in the NOS1 gene and one SNP in the NOS2A gene were found for DLBCL. Those with variant alleles for NOS1 (rs11068446; CT or TT), NOS1 (rs3782221; AG or AA), NOS1 (rs7298903; CT or CC), and NOS2A (rs3729508; CT or TT) had a 1.7-fold to 2.2-fold increased risk of DLBCL in the low red vegetable intake group, whereas those in the high intake group had a 30% to 60% reduced risk of DLBCL. Those with variant alleles for NOS1 (rs545654; CT or TT) and NOS1 (rs12424669; CT or TT) had a 60% reduced risk of DLBCL in the low red vegetable intake group and a 1.7-fold to 2.4-fold increased risk of DLBCL in the high intake group.
For yellow/orange vegetable intake, significant interactions with three SNPs in the NOS1 gene were found for DLBCL. Those with variant alleles for NOS1 (rs11068446; CT or TT), NOS1 (rs1552227; CT or TT), and NOS1 (rs7298903; CT or CC) had a 2.1-fold to 2.3-fold increased risk of DLBCL in the low yellow/orange vegetable intake group, although it reduces the risk by 40% to 70% in the high intake group. No significant interaction was found when fruit intake overall, or citrus fruit was investigated. There were a total of 26 haplotype structures identified in the investigated genes (16 two-SNP haplotypes, 7 three-SNP haplotypes, 1 four-SNP haplotype, and 2 five-SNP haplotypes). No significant interaction with haplotype was found for NHL overall or for any histologic subtype. The results were similar when the analyses were limited to Caucasian subjects.
Discussion
Our study offers the first comprehensive analysis of the interaction between vegetable and fruit intake, genetic polymorphisms in oxidative stress pathway genes, and NHL risk overall and by histologic subtype. We observed that the risk of NHL differs by vegetable and fruit intake when considered in conjunction with genetic variation in NOS1, NOS2A, MPO, and SOD3, with a majority findings of in NOS1, especially for the most prevalent histologic subtypes, DLBCL and FL.
The interaction between vegetable intake and polymorphisms in 28 genes and the risk of NHL overall was recently studied (32) . We shared six common SNPs (GPX P200L rs1050450, NOS2A S608L rs2297518, NOS3 D298E rs1799983, NOS3 -762C>T rs2070744, OGG S326C rs1052133, and SOD2 V16A rs4880). Our results are consistent with the previous findings as no interaction was observed for any of overlapping SNPs and vegetable intake.
High vegetable and fruit intake is believed to be protective for many types of cancers as vegetables and fruit are good sources of vitamins and minerals, carotenoids and other antioxidants, and various phytochemicals, each of which may play a role in reducing cancer risk. It is likely a combination of these factors, and other factors not yet explored, that confers protection (33) . Vegetable and fruit intake has been previously examined as protective factors for NHL (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Although the majority of studies indicate that a protective effect is found when vegetables and fruit are combined, or for specific types of vegetables and fruits, the evidence from prospective data has been weak (10, 19, 22) , and inconsistencies have been observed. Potential explanations for the inconsistency in findings may be due to gender differences (34) , lack of examination by NHL histologic subtypes, and the issue of multiple comparisons. However, the gene-diet interactions identified in our multiple comparison -adjusted analyses by NHL subtype could address the inconsistencies observed in previous epidemiologic studies. The gene-diet interactions identified in our study confer support for prior findings that oxidative stress pathway genes alter NHL risk (27, 35, 36) . The genes with polymorphisms shown to affect risk include AKR1A1 and CYBA (27) , CPX1 (35), NOS2A, and SOD2 (35, 36) . However, in an investigation of the same study population, Lan et al. (27) did not find an association between genetic polymorphisms in MPO or NOS2A and susceptibility to NHL and its major subtypes. Our results suggest that the dietary differences in vegetables and fruit might have masked the role of these genes in the susceptibility of NHL in the previous analyses.
We observed vegetable and/or fruit intake interactions with eight SNPs in NOS genes (seven in NOS1 and one in NOS2A). NOS are isoenzymes that catalyze the synthesis of nitric oxide (NO), a free radical whose role in tumor biology is still controversial (37) . On the one hand, NO can favor tumor growth and development by stimulating angiogenesis (38) and causing immunosuppression (39, 40) ; on the other hand, NO could play a role in tumor regression through its ability to induce apoptosis (41) and facilitate an immune response/ rejection of the tumor (42) . Studies have shown that certain antioxidants in vegetables and fruit regulate NOS expression and NO production. For example, polyphenols (43) (44) (45) (46) , which are widely distributed in fruit and vegetables, lutein (47) , primarily found in darkgreen leafy vegetables and fruit, and tomatoes, inhibit NOS expression and decrease NO production. Soyasaponins (48) , which are found in soybeans, garlic and its derivatives (49, 50) , dietary soy isoflavones (51), and onion (52) activate NOS expression leading to an increase in NO. Sulforaphane, which is rich in cruciferous vegetables, inhabits hypoxia-inducible factor 1, which regulates NOS2 expression in cancer cells (53) .
In addition to the components of vegetables and fruit, other factors such as contamination during cooking or processing, could also modulate NOS expression and affect NHL risk. For example, 3-monochloro-1,2-propanediol, a contaminant of acid-hydrolyzed vegetables which can be formed during the cooking process, was recently found to inhabit NOS1 expression and increase NOS2 expression (54) . Our finding of an interaction between NOS1 and NOS2A SNPs and red vegetables (including fresh tomato, cooked tomatoes, and tomato sauce) supports this explanation.
Our finding of the risk associated with NOS1 SNPs suggests that in addition to the known role of NOS1 in cellular communication, it may also be involved in lymphomagenesis and development, and its role could be strongly modified by the intake of vegetables, especially tomatoes, carrots, and other yellow/orange vegetables. NOS1 are constitutively expressed in neurons and endothelial cells (37) and polymorphisms in NOS1 have previously been associated with many diseases and disorders in nervous system, such as Parkinson's disease (55) , achalasia (56) , restless legs syndrome (57), depression (58), schizophrenia (59) , and suicidal behavior (60) , whereas demonstrating few associations with cancer.
Moreover, none of the risks we identified in NOS1 polymorphisms were functional, implying a need for further exploration on this gene's role in tumor biology. There is, however, evidence of an association between the NOS2 isoform and NHL. Investigators have previously shown that the isoform NOS2 is inducible and expressed in many cell types including macrophage (61), B-lymphocytes (39), lymphoid neoplasms (62) (63) (64) , and other tumor cells (65) (66) (67) (68) .
To our knowledge, there is no functional evidence for any of the risk SNPs we identified. NOS1 (rs2293054) is a synonymous mutation on exon 13, although theoretically, this type of mutation may affect splicing and protein structure and function, no evidence is shown for this specific SNP. All the other SNPs are intron variations or found in the cap or tail, which was generally thought to be ''junk DNA.'' Our findings support the dispute against it, and suggest that more exploration and investigation is needed for these mutations. Specifically, our results suggest that these mutations might affect human health by interacting with common environmental exposure or lifestyle factors such as diet, and were subsequently maintained through evolution.
We did not include specific antioxidant nutrients in our analysis because the major source of antioxidants for human beings is natural plants other than supplements, and more likely, it is the combination of the antioxidants in vegetables and fruit which confers the protection against cancer.
Although we adjusted for multiple comparisons, it is still possible that some of the interactions we identified were due to chance. Our results should be confirmed in future studies with large sample sizes. Three NOS1 SNPs (rs545654, rs7298903, and rs11068446) were significant in the multiple vegetable and/or fruit comparison groups, suggesting a strong likelihood that the association is true and should be investigated in future studies.
In summary, our study supports a role for the modification of oxidative stress pathway genetic variations in the association between vegetable and fruit intake and NHL subtypes. Our results warrant replication in further studies and suggest that future research on the role of nonfunctional variants in lymphoma tumor biology should be explored.
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